The biological stabilisation of the organic fraction of municipal solid waste (OFMSW) into a form stable enough for land application can be achieved via aerobic or anaerobic treatments. To investigate the rates of degradation (e.g. via electron equivalents removed, or via carbon emitted) of aerobic and anaerobic treatment, OFMSW samples were exposed to computer controlled laboratory-scale aerobic (static in-vessel composting), and anaerobic (thermophilic anaerobic digestion with liquor recycle) treatment individually and in combination. A comparison of the degradation rates, based on electron flow revealed that provided a suitable inoculum was used, anaerobic digestion was the faster of the two waste conversion process. In addition to faster maximum substrate oxidation rates, anaerobic digestion (followed by post-treatment aerobic maturation), when compared to static composting alone, converted a larger fraction of the organics to gaseous end-products (CO 2 and CH 4 ), leading to improved end-product stability and maturity, as measured by compost self-heating and root elongation tests, respectively.
Introduction
Historically, strategies for the management of municipal solid waste (MSW) included burial, burning and ocean dumping; practices which are now known to lead to contamination of land, air and sea (Earle et al., 1995) . Until recently landfill was the main waste treatment method utilised. Waste management has become one of the largest environmental concerns in recent decades, with the problems in disposal compounded by the ever-increasing quantity of refuse to be managed. The scarcity of land and the uncontrolled contamination with gas and leachate emissions have made landfill, particularly of organics, no longer a sustainable option (Hartmann and Ahring, 2006) . It is now accepted that no single solution exists for the management of MSW, with an integrated approach most likely to succeed (Earle et al., 1995) .
Approximately 50% of MSW consists of organic matter, with the composition of the organic fraction of MSW (OFMSW) being an important parameter in determining the most appropriate method for its treatment. Typically, food waste, which is too wet and lacks the structure for composting, is treated via anaerobic digestion whereas green waste (plant material) is composted ( [Edelmann and Engeli, 1993] and [Braber, 1995] ).
Both composting and anaerobic digestion have their own specific advantages and disadvantages (Table 1) , with composting generally accepted as being a more rapid process than anaerobic treatment ( [Lopes et al., 2004] and [Mohaibes and HeinonenTanski, 2004] ). However, based on an energy balance, anaerobic digestion has an advantage over composting, incineration, a combination of composting and digestion (Edelmann et al., 2005) or land-filling (Haight, 2005) , with anaerobic digestion capable of being energy sufficient if only one quarter of the biogenic waste is digested to biogas (Edelmann et al., 2000) .
One recognised disadvantage of anaerobic digestion is the fact that the solids produced are not typically suitable for direct land application as they tend to be odorous, too wet and too high in volatile fatty acid (VFA) concentration, which are phytotoxic. In addition, if the digestion is not performed under thermophilic conditions, the solids are not sanitised. Consequently, a post treatment of these solids is required (Poggi-Varaldo et al., 1999) with composting providing an appropriate management solution ( [Fricke et al., 2005] and [Meissl and Smidt, 2007] ).
Providing aerobic maturation for the solid digestate obtained from anaerobic treatment of solid waste has been found to improve the quality of the end-product (Edelmann and Engeli, 1993) and reduce odour emission (De Baere, 1999) by reducing the emission of volatile compounds (Smet et al., 1999 The aim of this paper is to compare rates of degradation of OFMSW under static, invessel aerobic composting and thermophilic anaerobic digestion conditions and a combination of the two processes. As an example of a full-scale process that combines aerobic composting and thermophilic anaerobic digestion, the treatment regime of the DiCOM ® process was also investigated. Data produced are expected to be helpful in designing the most efficient combination of the two methods for the degradation of OFMSW. Trials consisted of at most 12 days of treatment (aerobic, anaerobic or a combination of both) followed by 7 days of aerobic maturation (Table 2) . During aerobic operation, pressurised air was introduced into the reactor until the internal pressure was raised to a predetermined level. The internal pressure was maintained (10 min) before being released and the aeration regime repeated. This aeration regime was used to prevent channelling of air through the essentially unmixed material. Small scale composting trials typically underperform due to limited heat build-up (high surface to volume ratio causing increased heat loss). To prevent the heat loss typical for small scale composting experiments, a highly insulated vessel (heat loss coefficient 0.0912 h −1 ) was used and the external reactor temperature controlled, by means of a heat tape, to that of the reactor core, but not beyond 60 °C.
Methods

Experimental design
For those trials where a thermophilic anaerobic phase was present (Trials A, B and C; Table 2 Aerobic post-digestion maturation consisted of 7 days of aeration as described above.
Again, to limit heat loss from this small scale reactor, external heating was used to ensure the core reactor temperature did not fall below 35 ± 2 C.
Specific trial information
• Trial A: The DiCOM ® trial was conducted as previously described by Walker et
al. (2006a).
• Trial B: For the anaerobic trial, the OFMSW was heated to 55 C in an incubator (3 h) prior to being introduced to the reactor.
• Trial C: The combined aerobic/anaerobic trial was conducted as per Trial A except pre-aeration was reduced to 1 day while anaerobic digestion was operated for 10 days.
• • Trial E: Thermophilic composting was conducted as per Trial D except during days 5-12 where the core temperature was forced to remain above 55 ± 2 °C. This was to allow a fair comparison of composting at the same temperature as the thermophilic anaerobic digestion. Compost maturity was determined using a phyto-toxicity assay (root elongation) adapted from Tiquia et al. (1996) . Aqueous compost extracts were prepared by mechanically shaking a fresh compost sample with deionised water at 1:10 w/v for 10 min. The mixture was centrifuged at 1000 rpm for 10 min before the supernatant was filtered under vacuum through a Whatman #41 ashless filter paper. Ten seeds of Long Scarlet Radish (Fothergills, South Windsor, N.S.W., Australia) (AS 4454 -2003) were incubated in a 90 mm petri dish containing a Whatman Number #1 filter paper and 8 mL of extract.
After 5 days incubation at 22 °C, in the dark, root length was determined and compared to a control grown in deionised water. Tests and controls were performed in triplicate. In preparation, seeds were soaked overnight in deionised water at ambient conditions.
Results and Discussion
Operation as a sequential aerobic-anaerobic-aerobic system
As an example of a full-scale hybrid aerobic/anaerobic OFMSW treatment process, the aerobic-anaerobic-aerobic regime, as used in the DiCOM ® process, was carried out and monitored (Trial A). Significant biological oxidation commenced during the initial 5 days of aerobic treatment where oxygen was consumed and easily degradable organics, present within the waste, were mineralised (Fig. 1) . The heat generated brought the reactor to thermophilic conditions for the ensuing thermophilic anaerobic digestion. Volatile fatty acid (VFA) accumulated (total VFA = 75 mM) during the initial 2 days of anaerobic treatment however minimal pH variation occurred during this time (7.3-6.6).
Process acidification did not occur, presumably due to the high buffer capacity, and the release of ammonia. The strong correlation between the reduction in CH 4 generation rate (4.5 L/day/kg VS) and residual VFA ( Fig. 2A) , during the final 24 h of digestion, indicated the exhaustion of easily degradable organics within the OFMSW. After draining of the liquor, the subsequent aerobic decomposition did not cause a significant increase in temperature also indicating exhaustion of easily degradable organics (Fig. 1 ).
Operation as static, in-vessel composting of OFMSW
In general, composting is considered to be a faster but less energy efficient degradation system. To verify whether a purely aerobic treatment provides benefits in terms of degradation rate or product stability, static in-vessel composting was also carried out. In order to directly compare the degradation rate under aerobic and anaerobic conditions the aerobic OUR and the anaerobic CH 4 formation rate were converted to a molar electron flux defined as the rate at which electrons are removed from the OFMSW.
Considering that an O 2 molecule, can accept four electrons and that a CH 4 molecule represents eight electron equivalents, the oxidation of organic molecules into the final gaseous end-products, CO 2 and CH 4 , can be directly compared via the flow of electrons from the solid (Fig. 4) .
In terms of overall mineralisation rates the hybrid system (DiCOM ® ) showed a greater overall degradation than static aerobic composting, even though the switch to anaerobic conditions during the DiCOM ® trial temporarily (for 1 day) slowed the degradation rate as measured by electron flux. Interestingly, despite the reduced electron flow during days 6-12 of the fully composted trial, the product (based on electron flow) appeared to be as stable as the product from the hybrid process.
Effect of duration of the anaerobic treatment
Considering the above result, that during anaerobic treatment the rate of mineralisation of OFMSW did not slow down but was enhanced, the effect of longer durations of anaerobic treatment was investigated by extending the anaerobic phase from 7 to 10 (Trial C) and 12 days (Trial B) at the expense of the initial aerobic phase (Table 2) .
During the anaerobic phases of all trials (A, B and C) acetate accumulated initially, accompanied by H 2 production (data not shown) and followed by propionate accumulation, which degraded by day 11 (Fig. 2) . Butyrate accumulation, only observed in the trial where prior aerobic treatment was absent (Trial B), indicated availability of easily fermentable material. Without adequate buffer capacity, and VFA degrading microbial communities, such a build-up of butyrate is known to cause acidification and digester failure.
When comparing the overall microbial conversion as electron flow to either O 2 or CH 4 , it can be shown that by reducing the initial aerobic phase a greater amount of electrons flow towards CH 4 , both in terms of total amount and maximum rates produced (Fig. 5) . The low electron flow rate in the final aerobic phase of all trials is in-line with completed anaerobic digestion of VFA (Fig. 2) . The low level of VFA and electron flow towards the end of the purely anaerobic trial (Trial B) indicated methanogenic substrates were being depleted and that the treatment may be further shortened.
The duration of the initial aerobic phase had a clear effect on overall CH 4 
recovery,
showing that the shorter it was the more CH 4 gas could be recovered (Table 3) which is in-line with the literature (Krzystek et al., 2001 ).
Compared to composting, anaerobic treatment enhanced hydrolysis rates
Hydrolysis has been reported in the literature as being the limiting factor in some anaerobic digestion processes (Pavlostathis and Giraldo-Gomez, 1991). In an effort to determine whether hydrolysis is also a limiting factor encountered during static in-vessel composting, the likely carbon hydrolysis rates of both aerobic and anaerobic processes were estimated. As no significant soluble COD had accumulated in the solid after aeration (data not shown), it can be assumed that, during microbial heat generation, hydrolysed substrates were completely oxidised to CO 2 and released from the reactor. Therefore, under the assumption that any CO 2 produced from non-soluble material originated from the oxidation of monomers that were hydrolysed from non-soluble macromolecules, during aeration the minimum hydrolysis rate is directly indicated by the CO 2 production rate:
C -hydrolysis rate = CO 2 release rate Under anaerobic conditions the hydrolysis rate can be reconstructed considering the The dropping respiration activity after 5 days of aerobic treatment indicates that easily degradable substrates were exhausted and aerobic composting became hydrolysis limited ( Fig. 5 and Fig. 6 Trial D). The reduction in hydrolytic rate was unlikely to be due to the available moisture as the moisture content of the OFMSW (at the conclusion of the fully aerobic trials) was found to be 60% and 62% (w/w) which is in optimum range for composting (50-70%: Richard et al., 2002) . The continued decrease in C-hydrolysis rate over the following days of treatment indicated that the solid was approaching stabilisation.
The described, early drop in carbon hydrolysis rate under aerobic conditions could be overcome by switching the conditions to anaerobic and flooding the reactor with anaerobic liquor containing an active inoculum (Fig. 6, Trials A and D) . The improved hydrolysis observed may be due to one or more of the following:
• The anaerobic liquid contained residual exo-enzymes from previous uses and increased the concentrations of active enzymes.
• The enzymes generated during the composting phase were water limited. In an aerobic composting system, the water available for enzyme activity is found as a film on the surface of the solid. It is also within this liquid film that water-soluble metabolites accumulate, reducing the free-water available for enzymatic activity.
Flooding the reactor may provide the free-water necessary for optimal activity.
• The enzymes had completely degraded the substrate in their immediate vicinity and the addition of liquid enabled contact with fresh substrate (mass transfer improvement).
• Bacteria producing hydrolytic enzymes may have been introduced with the anaerobic inoculum.
A comparison of total electron flow (62,000; 51,300; 64,400 and 46,400 mmol/kg VS for Trials B, C, A and D, respectively; Fig. 5 ) and C-hydrolysis (11,300; 10,000; 10,500 and 8000 mmol C/kg VS, respectively; Fig. 6 ) suggests that treatment containing an anaerobic period, during which the solid waste was completely submerged, increased the degree of solid degradation in the waste. The waste in Trials A, B and C appeared to reach stability, indicated by low molar electron flows (Fig. 5) and C-hydrolysis rates (Fig. 6 ), between days 10 and 12; yet each of these trials was exposed to a different length of aerobic treatment. It can therefore be deduced that it is not the duration of the aerobic treatment that is critical in rapid waste stabilisation in hybrid systems but the presence of an effective anaerobic component. electron flow for all treatments indicating that adequate product stability had been obtained (Fig. 5) . However, this assumption is not supported by data obtained from selfheating tests (Fig. 7) which showed that static in-vessel composting did not adequately stabilise the product, with the trial failing the Australian Standard (AS 4454 -2003) selfheat test (Fig. 7) . To meet the requirements of this Standard, the compost must not selfheat to temperatures higher than 40 °C. The failure to meet this requirement indicated that readily available substrate was still present within the solid and the end-product was not yet stable, which is in-line with static aerobic composting providing the lowest total amount of degradation as measured by cumulative electron flow and total C-hydrolysis.
This lack of stability is in-line with the literature where OFMSW treated (3 months) in a static pile with forced aeration, when compared to a turned pile, and turned pile with forced aeration, showed the lowest level of product stability (Ruggieri et al., 2008) . Szanto et al. (2007) found a reduction (17%) in organic matter degradation when straw-rich pig manure was composted (4 months) in a static pile as compared to piles that where turned monthly. The reduction in product stability, and organic matter degradation, in both of these studies was attributed to compaction of the material resulting in a reduction in air permeability within the aggregates formed; a deduction that may also be applicable in this study.
It could be suggested that the lack of heat generation during self-heating tests, for material treated anaerobically, is the result of aerobic micro-organisms having been destroyed during anaerobic treatment periods. However, an increase in electron flow (Fig.   5 , Trials A, B and C)) and hydrolysis rate (Fig. 6 , Trials A, B and C) at the onset of postdigestion aeration indicated that aerobic micro-organisms had survived anaerobic treatment and were active when exposed to oxygen.
Root elongation and germination index (Tiquia et al., 1996) have been found to be sensitive indicators of the phyto-toxicity and maturity of compost (Tiquia et al., 1996) .
Shortening the initial aerobic component of the first 12 days of processing had no apparent adverse effects on the germination index of the seed species selected (Fig. 7) , suggesting that a longer anaerobic phase could provide a greater biogas yield without compromising the maturity of the final end-product.
Conclusions
Results from laboratory experiments indicated that:
• In the case of static in-vessel treatment of OFMSW, the inclusion of anaerobic steps may enhance the rate of degradation, in addition to the generation of useful energy as CH 4 gas. Possible reasons that may lead to the limitation of the aerobic process include:
o A decrease in porosity of the solid, leading to a limitation in oxygen availability.
o Limitation of water for hydrolysis processes.
o Accumulation of soluble metabolites (e.g. ammonia and VFA) under oxygen limiting conditions, in the small amounts of water present.
• Static in-vessel aerobic composting may undergo hydrolysis limitation that can be overcome by flooding the reactor and shifting to anaerobic conditions.
• Fully anaerobic treatment, followed by a period of aerobic maturation, provided the most rapid processing.
• The DiCOM ® process can be optimised by allowing a shorter aerobic and a longer anaerobic phase thus speeding up the process and providing a greater CH 4 yield. Reactor temperature was maintained through aerobic microbial activity during aeration and via an external heat exchanger during anaerobic processing. 
